INTRODUCTION
Stream velocity and atmospheric reaeration are two important physical properties that affect productivity of a stream. Stream velocity controls mixing and time of residence in pools and riffles. Atmospheric reaeration is the physical absorption of oxygen from the atmosphere by a flowing stream. Along with biological production of oxygen by aquatic plants, atmospheric reaeration completes the primary processes by which a stream replenishes oxygen consumed by aquatic animals and biodegradation of organic wastes.
Data collected and interpreted from this time-of-travel and reaeration study are important in understanding biological productivity and hydrological flow processes. For example, these data are critical in identifying sources and sinks of dissolved oxygen from biological processes, evaluating responses to a toxic spill, and calibrating waterquality models. This investigation, done by the U.S. Geological Survey in cooperation with Douglas County, is part of a larger study to identify the productivity and respiration of periphytic algae in the South Umpqua River. Excessive growth of periphytic algae in the river is a problem during summer low-flow periods. At times during summer low-flow periods, pH levels and dissolved oxygen concentrations do not comply with U.S. Environmental Protection Agency (1986) criteria and State of Oregon (1988) standards.
Purpose and Scope
The purpose of this report is to present the results of a study of the average time of travel and the atmospheric reaeration characteristics of various reaches of the South Umpqua River.
The study includes the results of dye-tracer and gas-tracer studies made in July and September 1991 during low flows on four reaches of the South Umpqua River between Days Creek and Roseburg, Oregon ( fig. 1 ). Stream velocities computed during this study are compared with velocities computed from dye-tracer data collected at higher flows by Harris and Sanderson (1968) . Reaeration coefficients computed from field measurements of gas-desorption coefficients are compared with conceptual and semiempirical equations, and new equations were developed for the South Umpqua River between Tiller and Roseburg, Oregon.
HYDROLOGY
The South Umpqua River Basin ( fig. 1 ) drains 1,760 mi 2 (square mile) of relatively impermeable bedrock and low-yield aquifers in southwestern Oregon (McFarland, 1983) . The basin normally has dry summers and wet winters; precipitation ranges from 40 to 80 inches annually, and most precipitation falls as rain. Ninety-seven percent of the basin lies below 5,000 ft (feet). The uplands consist of parts of the foothills of the Cascade Range and the Coast Range. The combination of dry summers, minimal snow pack, low-yield headwater aquifers, and surface-water withdrawals for irrigation of about 13,000 acres results in extremely low flows in the summer (Rinella, 1986) . Streamflows between July and September commonly are less than 100 ft 3 /s near Roseburg (Friday and Miller, 1984) and provide minimal dilution of point-source inputs from sewage treatment plants (Rinella, 1986) .
Between Days Creek and the mouth ( fig. 1 ), the South Umpqua River is characterized by riffles and pools 5-15 ft deep. The river width ranges from approximately 50 to 200 ft, the stream gradient averages 7 ft/mi, and summer velocities range from near 0 to 2 ft/s. Streambed material differs among river reaches, generally ranging from bedrock and cobbles to gravel, sand, and fines.
EQUIPMENT AND FIELD TECHNIQUES

Dye-tracer Study
The dye tracer used in the South Umpqua River was rhodamine WT, a nontoxic fluorescent red chemical dye with a specific gravity of 1.19. The basic procedure is to introduce a measured quantity of dye solution into the stream and measure concentration at different times at selected downstream sampling points. Velocity and dispersion in the reach can be calculated on the basis of these measurements (Kilpatrick and Wilson, 1989) .
Dye tracers were injected into the South Umpqua River at two different flow regimes; a medium-low flow (flow exceeded 62 percent of the time) in July, and a low flow (flow exceeded 92 percent of the time) in September. Predetermined quantities of rhodamine WT, at 20 percent solution, were slug-injected into the stream at mid-channel from a boat or by wading at the head of each of four reaches ( fig. 1 ). The most downstream reach was injected first, with upstream reaches following in sequence. The quantity of dye introduced was determined by techniques established by Hubbard and others (1982) , and is a function of the stream discharge, mean velocity, and distance to the most downstream sampling point. Concentrations of dye were kept to a minimum (peak concentrations of less than 1 /xg/L (microgram per liter) at the most downstream sampling point) to eliminate any possibility of effects on water users. The stream was divided into four study reaches of about 5 mi each because long travel times and sampling logistics prevented sampling the entire 60 miles of river between Tiller and Roseburg.
Water samples for dye were collected at selected downstream locations within each reach. The reaches are shown in figure 1 , and exact measurement locations are more specifically identified by river mile in the text, figures, and tables. At measurement locations in each reach, a series of samples were collected by dipping a 40 mL (milliliter) bottle into moving water near midstream at selected intervals to define the passing dye cloud. Typical time-concentration curves depicting the passage of the dye cloud downstream are shown in figure 2. Concentrations of dye were determined by measuring the fluorescence of the water samples in the field with calibrated fluorometers and corrected for temperature. Dye concentrations of less than 0.01 /zg/L can be measured with errors of less than +1 percent (Replogle and others, 1966) .
For a specific time, water samples were collected at mid-and quarter-points in the cross section (by stream width) of the first downstream sampling location to determine if the dye was mixed laterally. At these locations, the average of the three samples was used to define the concentration for the specified interval. Distances from the point of injection to the first downstream sampling section were determined by methods described by Kilpatrick and Wilson (1989) percent mixing. Mixing at all reaches was not less than 75-percent complete at the first downstream sampling section. The length of channel required to obtain 95-percent mixing is dependent on stream velocity, width, depth, and slope; these data were collected during the preliminary survey.
Quality control was assured by checking dye-calibration curves in the laboratory before and after field measurements, and in the field by reading standards, collecting background samples to identify natural fluorescence, and adding known quantities of dye to native water samples. Dye-calibration curves were defined by making dilutions of the dye lot used with distilled water and reading the dilutions on the fluorometers to be used in the field (Wilson, Cobb, and Kilpatrick; 1986) . In the field, a 100 j*g/L dye sample made with distilled water and a distilled water sample were measured each day by the two fluorometers. Measured quantities of dye were added to measured quantities of distilled water and native water to obtain a "spiked" sample that would define absorbtion of the dye to suspended particles in the native water. Comparison readings between the standard made with distilled water and the "spiked" sample made with native water indicated the "spiked" sample was consistently lower. Aliquots of dye samples were brought back to the laboratory and measured; laboratory results substantiated field measurements. Temperature corrections to the field fluorometer readings were not necessary because water temperatures used in the laboratory to develop curves were nearly the same as water temperatures measured in the field (all within 1.5 degrees Celsius). All laboratory results substantiated field measurements.
Gas-tracer Study
Propane gas was used as a tracer in the South Umpqua River. Laboratory studies have identified the relation between propane desorption and reaeration (Kilpatrick and others, 1989) . The basic procedure for making a constant rate injection (CRI) gas-tracer study is to introduce the gas at an upstream location and collect samples at downstream locations when the level of the gas is constant (at a plateau). The dye tracer, which is treated as conservative, is used to determine when the gas (a non-conservative tracer) will reach the plateau. The dye cloud from a slug injection must be completely past a given location before the gas plateau occurs. Dye sampling used to determine the time for gas sampling is shown schematically in figure 3 (Kilpatrick and others, 1989) . Successful results were obtained using gas tracers for only one flow regime--the low flow in September.
The rate and length of time that gas was injected were determined by techniques established by Kilpatrick and others (1989) . Injection rate is a function of stream discharge, velocity, and depth; travel time to the most downstream sampling point; and the efficiency of absorption of the gas. Four ceramic diffusers (total surface area of 400 square inches) were used to inject propane into the flow. Diffusers were placed in flowing water at depths ranging from 4 to 7 ft. The flow rate at each injection site was approximately 2 pounds per hour; 40-pound propane tanks were used. The tanks were weighed at intervals to check consumption of gas; flow-rate meter adjustments were small and seldom necessary.
Water samples for gas were collected at the same downstream locations as dye sampling ( fig. 1 ). At each location, a series of six samples were collected to define the gas plateau by dipping 40 mL bottles into moving water near midstream at intervals of one-half hour to 1 hour. Each 40-mL sample of water was injected with 1 mL of 37-percent formalin solution for preservation prior to capping. 
Discharge measurements were made in each study reach the day of the injections. The measurement site/point within the approximate 5-mi long reach was selected by locating the hydraulic cross section that would permit the most accurate discharge measurement. None of the study reaches had any substantial tributary, irrigation diversion, or irrigation return flow. Ground-water contributions in each of the study reaches were assumed to be negligible. Only one measurement was made per reach for each flow period studied. Discharge measurement accuracy for all measurements is considered to be within + 5 percent.
STREAM VELOCITY
Preliminary reach investigations were done to obtain river geometry and velocity data that could be used to: (1) establish the scope of the investigation (narrow the field study to manageable reach lengths); (2) extrapolate geometry and velocity to low flows to develop reasonable estimates for dye and gas injection quantities; and (3) locate accessible sampling sites.
Velocities were determined for four reaches of the South Umpqua River during two low-flow discharges. Each of the four reaches used for time-oftravel studies was approximately 5 to 8 mi in length. The entire river from Tiller to Roseburg was not studied because the time, manpower, and quantity of dye required would have been excessive. The reaches were selected because they were good representations of the river channel and encompassed biological sections critical for the periphytic algae study as discussed in the Introduction.
Preliminary Reach Investigations
Surveys were made by canoe to obtain information about stream velocity, depth, width, bed material, configuration (pool, riffle, or run), and biology (table 1) . At various locations, velocity was measured at mid-stream and middepth by velocity meter; depth was sounded by weight; width was estimated by range finder; bed material type was estimated by eye; and various biological information was recorded. River miles (RM) indicate the approximate location for each observation and can be located on figure 1. For preliminary surveys, the Winston reach is between RM 130 to 135; Myrtle Creek reach is between RM 144 to 151; Riddle reach is between RM 152 to 160; and Days Creek reach is between RM 162 to 170.
Velocity data collected in the preliminary survey, when compared with results of the subsequent time-of-travel studies, yielded mean velocity estimates for projected low flows that were reasonable for the Riddle and Days Creek reaches, but were double those for the Winston and Myrtle Creek reaches.
Time-of-Travel Investigations
Velocities were determined for four reaches of the South Umpqua River for two low-flow discharges. For the July 16-20, 1991 investigation, the flow at Brockway (14312000) ranged from 309-536 ft 3 /s, and at Tiller (14308000) from 
A. Stream velocity generally decreased in the downstream direction, except in the Riddle reach in both July and September investigations. The higher stream velocities in the Riddle reach are probably due to the increase of flow from Cow Creek (table 2) Velocities in the South Umpqua River from this study and results from a previous study by Harris and Sanderson (1968) are shown in figure 6 . The velocities for the earlier high-flow study was controlled by channel friction (Harris and Sanderson, 1968) . For a streamflow of 2,040 ft 3 /s as defined by Harris and Sanderson (1968) , the average velocity between Tiller and Roseburg was 1.83 ft/s and for a streamflow of 7,800 ft 3 /s, the average velocity between Tiller and Roseburg was 3.45 ft/s. Only four 5-mile increments of the 70-mile reach between Tiller and Roseburg were measured in this study. Velocity data from these increments were used to estimate the velocity trends for the entire reach (see fig. 6 ). Velocities in the low-flow study was controlled by individual riffles. For a streamflow of 435 ft 3 /s at the Brockway stream-gaging station at river mile 132.7, the average velocity between Tiller and Myrtle Creek is estimated at 0.88 ft/s, and between Myrtle Creek and Roseburg is estimated at 0.64 ft/s. For an streamflow of 129 ft 3 /s at the Brockway stream-gaging station, the average velocity between Tiller and Myrtle Creek is estimated at 0.34 ft/s, and between Myrtle Creek and Roseburg is estimated at 0.23 ft/s.
REAERATION COEFFICIENTS
The following formula developed by Streeter and Phelps (1925) for oxygen deficit shows the relation between biochemical consumption of oxygen and atmospheric reaeration:
where,
the oxygen deficit at time t (mg/L), the biological-oxidation coefficient (per day), the atmospheric reaeration coefficient (per day), the initial BOD (biochemical oxygen demand) concentration (mg/L), and the initial oxygen deficit (mg/L). ly Increase in discharge is because of rain occurring July 16-17. 2/ Travel time and stream velocity is based on travel time for the river miles shown in this row. Atmospheric-reaeration coefficients for specific reaches and discharges were determined from gas-desorption values obtained by field sampling for propane concentrations and analysis by gas chromatography. Generalized atmospheric-reaeration coefficients were then defined for the South Umpqua River for all reaches with respect to stream velocity, slope, and depth.
Atmospheric-reaeration coefficients (K~) were determined for four reaches of the South Umpqua River for one low streamflow. Gas samples taken during the July 16-20, 1991, investigation were incomplete and could not be interpreted with any accuracy.
For the September 9-13, 1991, investigation, the average flow at Brockway was 129 ft 3 /s, and at Tiller was 53 ft 3 /s. Reaeration coefficients calculated from gas concentrations measured during the September investigation are listed in table 3. First, a propane coefficient (K ) is calculated by the formula from Kilpatrick and others (1989) : Finally, the gas desorption coefficient is converted to a reaeration coefficient by a relation developed in the laboratory between propane and air (Kilpatrick and others, 1989): K2,20-^"^O
Calculated atmospheric-reaeration coefficients and associated stream parameters of velocity and depth are listed in table 4. The average atmospheric-reaeration coefficient for the Winston reach (RM 130.7 to 132.7) was 2.79/day, for the Myrtle Creek reach (RM 145.2 to 147.8) was 1.95/day, for the Riddle reach (RM 155.3 to 157.9) was 4.49/day, and for the Days Creek reach (RM 164.7 to 167.3) was 4.74/day. Individual subreach reaeration coefficients were plotted against a function of stream velocity and depth (see fig. 7 ) and compared to a conceptual formula by O'Connor and Dobbins (1958) .
REAERATION COEFFICIENT MODELS
For selected reaches, table 4 shows the average velocity, depth, slope, reaeration coefficients determined from desorption data. Reaeration coefficients can be computed for two commonly used reaeration-coefficient equations. The first equation is a physically-based conceptual formula from O'Connor and Dobbins (1958): 0.5 -1.5 K = 13.82 U H ,7-132. ,1-131, ,5-130, ,8-146, ,6-145 ,9-145 ,9-157 ,0-156, ,1-155, ,3-166 ,6-166 ,4-165 ,5- where, K^ is the reaeration coefficient (per day), U is the mean stream velocity (in ft/s), and H is the average depth of flow (in feet).
The second equation is a semiempirical formula developed by Tsivoglou and Wallace (1972) :
where, S is the average slope (in feet per foot).
The use of equations 5 and 6 with data collected in the field and averaged can produce variable results. Reaeration coefficients computed with these equations using average data compared with reaeration coefficients determined by field sampling are shown figures 7 and 8.
Use and accuracy of these equations and several other equations are discussed by Rathbun (1977) . Reaeration coefficients determined by desorption data from this study confirmed the use of the conceptual formula (equation 5), but were approximately double the values derived from the semiempirical formula (equation 6) when applying average stream reach velocity, depth, and slope data. Generally, similar accuracy results were observed with the data used in Rathbun's study. Using these equations with available averaged stream parameter data results in error because the equations were developed for uniform reaches. A relation between mean velocity, slope and reaeration coefficient data (table 4) is shown in figure 8. Average slope (S) was determined from U.S. Geological Survey 1:24,000 scale topographic maps. The multiplier from this relation is 7,580, as compared with the multiplier of 4,656 of the TsivoglouWallace formula. For the South Umpqua River between Roseburg and Tiller, a better formula than the Tsivoglou-Wallace formula would be:
Reaeration occurs predominantly in riffle and shallow-water areas. If depth and velocity can be computed separately for these segments, and weighted as a percent of the time spent in each segment of the reach instead of using average reach values, reaeration coefficients computed by commonly-used formulas (equation 5) compare well with values derived from data collected during the reaeration study.
For example, the Days Creek reach between RM 166.6 and 166.4 is a series of 3 riffles and shallow pools in quick succession. The reach is nearly 50 percent riffle and 50 percent pool by length. The average velocity through the reach, as measured by the passage of dye through the reach on September 12, is 0.58 ft/s. If the mean velocity in the riffle section is estimated at 1.5 ft/s, the mean velocity in the pools is then estimated to be 0.36 ft/s. The average mid-channel depth of riffles in this reach is about 1.0 ft and about 3.0 ft in the pools. Considering depths were measured in mid-channel, a better estimate of mean depth would be 0.9 ft in riffle sections and 2.1 ft in pool sections because the riffle sections are rectangular and the pool sections are parabolic in shape. Respective reaeration coefficients can be computed, using the 0'Connor-Dobbins equation, as 19.8/day in the riffle section and 2.93/day in the pool section. The time-weighted average for the computed reaeration coefficient in the pool and riffle sections is 6.03/day. This value is different than the reaeration coefficient of 10.5/day computed using equation 5 from stream reach mean velocity and average depth data found in table 4, and close to the coefficient of 5.63/day computed from gasdesorption data (table 4).
Riffles and their linear extent in a reach have a large influence on the magnitude of the reaeration coefficient. Using the example in the paragraph above as a case in point, the scatter shown in figure 7 can be explained. The one data point that falls far above the curve is computed with the average data of the example above. This reach had the greatest length of riffles of all reaches measured. Generally, those data points that fall on or near the curve had the most homogeneous depths throughout. Those data points below the curve had significant riffles, but they constituted only a small percentage of the overall reach length.
Limited desorption data, collected during higher flows in July at the time of the dye injection measurements, indicate that reaeration coefficients determined for July are approximately three to four times higher than those determined for the desorption data collected in September. Streamflows in July were about three times higher than flows in September, average stream velocities were about two times higher, and stream depths were only slightly greater. These data were not included because they were not complete.
SUMMARY
Rhodamine WT dye was injected in four reaches of the South Umpqua River between Tiller and Roseburg, Oregon, during July 16-20 and September 9-13, 1991. Study reaches were the Winston reach from river mile 130.7 to 133.5, the Myrtle Creek reach from river mile 144.4 to 149.2, the Riddle reach from river mile 153.9 to 158.6, and the Days Creek reach from river mile 164.7 to 168.0. Water samples were collected at selected locations and times within each reach and measured by fluorometer to determine dye concentrations and subsequent velocities.
For an average streamflow of 435 ft 3 /s at the Brockway stream-gaging station (14312000) from July 16-19, 1991, stream velocities in the four selected reaches between Tiller (river mile 75.3) and Roseburg (river mile 12.0) were 0.68, 0.94, 0.56, and 0.35 ft/s, respectively. For an average streamflow of 129 ft 3 /s at the Brockway gaging station at river mile 132.7 from September 9-13, 1991, stream velocities were 0.27, 0.35, 0.22, and 0.17 ft/s, respectively. Pool and riffle control dominated the flow throughout the study reach.
Propane gas was injected at a constant rate in each of the four study reaches and water samples were collected for gas chromatographic analysis. The resultant propane concentration data was used to calculate reaeration coefficients for the individual reaches.
Average reaeration coefficients determined from desorption data collected September 9-13, 1991, were found to be 2.79/day, 1.95/day, 4.49/day, and 4.74/day for the respective reaches. Reaeration coefficients determined from desorption data were approximately two times that of values derived from a semiempirical formula but generally confirmed a conceptual formula. Both formulas were developed for reaches of uniform geometry. Use of average values of slope, depth, and velocity, where channel geometry is nonuniform, can yield reaeration coefficients that can be considerably different than measured values. Average stream reach velocity, depth, and slope data from this study were used in both formulas.
